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Abstract

Introduction Chronic kidney disease (CKD) is an important cardiovascular risk factor. However, the relationship between
CKD and myocardial strain as a parameter of myocardial function is still incompletely understood, particularly in patients
with ischemic cardiomyopathy (ICM). Cardiac magnetic resonance imaging (CMR) feature tracking allows to analyze myo-
cardial strain with high reproducibility. Therefore, the aim of the present study was to assess the relationship between CKD
and myocardial strain as described by CMR in patients with ICM.

Methods We retrospectively performed CMR-based myocardial strain analysis in 89 patients with ICM and different stages of
CKD, classified according to the KDIGO stages. In all patients, global longitudinal strain (GLS), global circumferential strain
(GCS) and global radial strain (GRS) analysis of left ventricular myocardium were performed. Furthermore, segmental lon-
gitudinal (SLS), circumferential (SCS) and radial strain (SRS) according to the AHA 16/17-segment model was determined.
Results Creatinine levels (GLS: r=0.46, p <0.001; GCS: r=0.34, p=0.001; GRS: r=-0.4, p<0.001), urea levels (GLS:
r=0.34, p=0.001; GCS: r=0.30, p=0.005; GRS: r=-0.31, p=0.003) as well as estimated glomerular filtration rate
(GLS: r=-0.40, p<0.001; GCS: r=-0.27, p=0.012; GRS r=0.34, p <0.001) were significantly associated with global
strains as determined by CMR. To further investigate the relationship between CKD and myocardial dysfunction, segmental
strain analysis was performed: SLS was progressively impaired with increasing severity of CKD (KDIGO-1: —11.93 +0.34;
KDIGO-5: —7.99 +0.38; p<0.001 for KDIGO-5 vs. KDIGO-1; similar data for SCS and SRS). Interestingly, myocardial
strain was impaired with CKD in both segments with and without scarring. Furthermore, in a multivariable analysis, eGFR
was independently associated with GLS following adjustment for LV-EF, scar burden, diabetes, hypertension, age, gender,
LV mass or LV mass index.

Conclusion CKD is related to impaired LV strain as assessed by CMR in patients with ICM. In our cohort, this relationship
is independent of LV-EF, the extent of myocardial scarring, diabetes, hypertension, age, gender, LV mass or LV mass index.
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Introduction

Chronic kidney disease (CKD) is associated with an
increased risk for cardiovascular morbidity and mortal-
ity [1, 2]. It is well known that coronary artery disease
(CAD) represents one of the predominant manifestations
of cardiovascular disease (CVD) in patients with CKD and
its prevalence increases with deteriorating kidney function
[3-5]. The high prevalence of traditional cardiovascular
risk factors in patients with CKD, such as hypertension,
diabetes, dyslipidemia and smoking, is not only of major
importance for the development of atherosclerotic vascu-
lar disease [6, 7], but also for the progression of CKD
itself [7-9]. Apart from classical risk factors, the course
of CVD also depends on CKD-specific, non-classical risk
factors, including proinflammatory circulatory mediators,
renal hormones, enzymes and cytokines (reviewed in [7]).
These complex processes may promote vascular calcifica-
tion, hemodynamic alterations [10-12] and characteristic
myocardial changes such as myocardial fibrosis [13] and
hypertrophy, as precursors of uremic cardiomyopathy [7,
14]. However, the exact pathophysiological mechanisms
of uremic cardiomyopathy are still not fully understood
and further research is needed to elucidate the effects of
CKD especially on myocardial structure and contractility.

Cardiac magnetic resonance (CMR) represents a well-
established, non-invasive modality in the diagnosis and
management of CVD. The high spatial and temporal reso-
lution of CMR allows an accurate quantification of myo-
cardial function and, in particular, of myocardial structure
[15]. In the past years, myocardial strain (MS) imaging has
emerged as a robust tool to analyze cardiac deformation
as a marker of preclinical ventricular dysfunction prior to
a decrease of ventricular ejection fraction and overt car-
diovascular disease [16, 17]. In this context, myocardial
feature tracking (FT) is considered a precise technique to
quantify myocardial strain based on CMR cine sequences,
without the need of gadolinium-based contrast agents
[18-20].

Several studies analyzed the feasibility of MS in patients
with altered cardiac conditions. In patients with myocar-
dial infarction, global and segmental MS were impaired
presumably as a consequence of a gradual replacement
of necrotic myocardium by fibroblasts, which leads to a
reduced contractility of the affected segments [18, 21].
These results are in line with the observations of Stathogi-
annis et al., who described alterations in regional peak sys-
tolic longitudinal and circumferential strains within areas
of myocardial scar in patients with ischemic heart disease
[22]. Also, other clinical conditions, such as the presence
of diabetes mellitus type 2 (T2DM), have been associ-
ated with a decrease of left ventricular global strain [23].
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Besides, in end-stage renal disease patients with chronic
dialysis, speckle-tracking echocardiography-derived
GLS has been proposed as a more reliable predictor of
cardiovascular mortality than echocardiography-derived
left ventricular ejection fraction (LV-EF) [24]. Previous
studies already showed that increasing severity of CKD is
associated with worsening MS in patients without a his-
tory of cardiovascular disease [25]. However, the asso-
ciation between CKD and MS in patients with ischemic
cardiomyopathy (ICM) is still unclear. Thus, the aim of
this study was to investigate the effects of CKD on MS as
a surrogate marker of ventricular dysfunction in patients
with ICM and how this relationship may be influenced by
the presence of myocardial scarring.

Materials and methods
Patient selection

We retrospectively included a total of 89 patients with ICM
(defined as heart failure in the presence of CAD and/or prior
myocardial infarction) and normal kidney function or dif-
ferent stages of CKD, classified according to the KDIGO
stages, who underwent CMR from October 2014 until Octo-
ber 2021 at the Department of Cardiology, University Hos-
pital of the RWTH Aachen.

Main exclusion criterion was insufficient image quality
(e.g. due to patient incompliance or irregular heart rhythm
because of atrial fibrillation or premature ventricular
contractions).

The registry was approved by the local ethics commit-
tee and is in accordance with the declaration of Helsinki
on ethical principles for medical research involving human
subjects.

CMR data

CMR image acquisition took place on a 1.5 Tesla magnetic
resonance scanner (Achieva, Philips Healthcare, Best, The
Netherlands). In all cases, standard native cine balanced
SSFP images were available in standard long-axis geom-
etries as well as in short-axis orientation covering the entire
ventricles. In all patients, standard late gadolinium enhance-
ment (LGE) imaging was available. The application of
intravenous gadolinium-based contrast media (gadobutrol;
Gadovist ® Bayer Healthcare GmbH, Germany) in patients
with kidney disease followed an internal standard operating
procedure in line with the European Society of Urogenital
Radiology (ESUR) guidelines on contrast media and the
consensus statements from the American College of Radi-
ology and the National Kidney Foundation [26]. Standard
dosage of gadobutrol was 0.15 mmol/kg bodyweight, with
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a reduction to 0.1 mmol/kg bodyweight in patients with
an estimated glomerular filtration rate less than 30 mL/
min/1.73 m%.

Left ventricular ejection fraction (LV-EF) and end dias-
tolic myocardial mass were derived from the cine short-axis
stack. LV Mass index was calculated taking into account
the body surface area. Extent, transmurality and location of
myocardial scarring were determined according to standard
operating procedures based on international post-process-
ing recommendations [27]. For each segment, presence or
absence of myocardial scar as well as transmurality were
assessed. Scar burden was defined as the number of scarred
segments, each weighted for its scar transmurality.

CMR strain analysis

CMR strain analysis was accomplished by an experienced,
board-certified CMR cardiologist blinded to patient data
and LGE images on a dedicated workstation using com-
mercially available software (Caas MR Solutions, Version
5.2.2). After image registration, end-diastole and end-systole
of the short and long-axis geometries were automatically
determined by the software and corrected by the CMR car-
diologist as needed. Automatic contouring of the endocar-
dial and epicardial borders of the short-axis stack and the
long axes (two- and four-chamber view) at end-diastole was
manually corrected by the CMR cardiologist if required.
Subsequently, automatic tracking of myocardial borders
was initiated throughout the cardiac cycle and its accept-
ance by the CMR cardiologist allowed automatic calculation
of MS. Global peak longitudinal strain (GLS), global peak
circumferential strain (GCS) and global peak radial strain
(GRS) as well as segmental peak longitudinal strain (SLS),
segmental peak circumferential strain (SCS) and segmental
peak radial strain (SRS) were automatically calculated by the
software according to the AHA 16/17-segment model [28].
An exemplificative analysis is shown in Fig. 1.

Fig. 1 Graphic illustration of LV base
myocardial strain analysis in
CMR. Left: a graphic illustra-
tion of myocardial deformation
(longitudinal, circumferential,
radial) of the left ventricle

is shown. Right: automatic
contouring of endocardium (red
dots) and epicardium (blue dots)
of the short-axis stack as well

as of the two- and four-chamber
long axes at end-diastole is
shown. Subsequently, automatic
propagation of myocardial
borders is initiated in all slices
throughout the cardiac cycle
(turquoise)

Longitudinal shortening

LV Apex

Statistical analysis

Categorical variables were summarized as counts (percent-
age), continuous variables as mean + standard error. Linear
and non-linear regression analysis was performed to evaluate
the association of creatinine, urea and estimated glomerular
filtration rate (eGFR) with MS values. In order to account
for potential confounders such as LV-EF, scar burden, dia-
betes, hypertension, age, gender, LV mass or LV mass index,
multiple linear regression models assessing the association
between eGFR and GLS were developed.

Distribution of several parameters among predefined
patient groups according to KDIGO stages [29] (for sim-
plicity, patients without documented CKD were classified
into the KDIGO 1 and 2 group according to their eGFR)
was evaluated by analysis of variance (ANOVA). Post-hoc
comparisons took place using LSD-test. Categorical vari-
ables were compared with Pearson-Chi-Quadrat test. The
statistical test did not account for the interdependency of
multiple segments among patients.

All statistical analyses were performed with SPSS soft-
ware v 28.0 (IBM Corp., Armonk, NY, USA). Statistical
significance was indicated by a p value <0.05.

Results

Creatinine, urea and eGFR are associated
with global myocardial strain in CMR

Patient characteristics are reported in Table 1. In patients
with ICM, creatinine was associated with myocardial func-
tion as determined by GLS (r=0.46, p <0.001). These
data remained consistent also with regards to both GCS
(r=0.34, p=0.001) and GRS (r=-0.40, p<0.001), as
presented in Fig. 2A—C. Similarly, urea showed a sig-
nificant association with GLS (r=0.34, p=0.001), GCS
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Table 1 Patient characteristics

Patient characteristics KDIGO 1,n=14 KDIGO2,n=11 KDIGO 3,n=47 KDIGO4,n=11 KDIGO 5,n=6 p value
Age (years) 58.93+1.55 67.09+2.73 75.28+1.06 76.18+2.03 65.33+7.23 <0.001
Male sex (n, %) 11 (78.6) 9 (81.8) 37 (78.7) 8 (72.7) 6 (100) 0.760
HR (/min) 76.64 +£3.24 70.64 +3.80 74.98+2.23 75.91+4.46 73.33+5.13 0.86
BP (systolic) (mmHg) 123.86+5.82 126.18 +25.38 125.16 +2.89 120.45+7.87 113.17+£10.42 0.74
BP(diastolic) (mmHg) 76.21+2.82 58.18+13.47 68.64 +1.87 66.45+3.82 56.67+4.99 0.13
CAD-1 (n, %) 2(14.3) 0(0) 7(14.9) 1(9.1) 2(33.3) 0.41
CAD-2 (n, %) 3(21.4) 1(9.1) 5(10.6) 19.1) 1(16.7) 0.83
CAD-3 (n, %) 9 (64.3) 10 (90.9) 35 (74.5) 9 (81.8) 3(50) 0.34
MRI parameters
LV-EF (%) 41.57+2.36 40.09+2.81 3391+1.37 35.82+2.7 38.67+4.74 0.056
Scar burden (n,%) 5.79+0.61 4.55+0.72 4.87+0.45 5.36+0.94 3.0+1.03 0.354
LV mass (g) 128.86+6.10 142.36 +17.03 138.19+4.19 132.55+7.88 161.40+20.85 0.412
LV mass index (g/m?) 66.14+2.88 68 +6.38 71.43+1.84 67.55+3.85 80+9.98 0.354
Cardiovascular risk profile
Hypertension (n, %) 541.7) 8 (72.7) 40 (93) 11 (100) 5(83.3) <0.001
Current smoking (n, %) 7(58.3) 5(45.5) 9(22.5) 1(12.5) 3 (60) 0.049
Family history of CAD (n, %) 2 (16.7) 3(27.3) 4 (10.5) 1(11.1) 2 (40) 0.395
Diabetes (n, %) 4 (28.6) 6 (54.5) 23 (48.9) 7 (63.6) 4 (66.7) 0.397
Hyperlipidemia (n, %) 9 (75) 8 (80) 32 (78) 10 (100) 2 (40) 0.129
BMI (kg/m?) 25.49+1.16 27.86+1.30 27.30+0.68 27.97+1.23 26.68+2.25 0.634
Apoplex/TIA 0(0) 19.1) 12 (25.5) 2 (20) 1 (20) 0.255
Prior myocardial infarction 5@35.7) 4 (36.4) 21 (44.7) 2 (20) 2(33.3) 0.688
NYHA class 1.67+0.48 1.6+0.75 2.23+0.30 2.9+0.78 3.25+0.48 0.336
CVD 0(0) 0(0) 8(17) 3 (30) 4(66.7) 0.001
PAD/bowel ischemia 0(0) 2(18.2) 17 (36.2) 4 (40) 2 (40) 0.076
Lab values
Creatinine (mg/dL) 0.76+0.03 1.06+0.04 1.53+0.04 2.56+0.12 7.58+1.01 <0.001
eGFR (ml/min/1.73 m?) 99.31+1.65 69.88 +2.38 42.92+1.16 22.25+1.28 79+1.52 <0.001
Urea (mg/dL) 32.69+2.69 38.73+3.76 61.66+3.80 123.0+15.79 132.0+20.72 <0.001
Uric acid (mg/dL) 4.64+0.40 6.55+0.52 7.86+0.70 8.80+0.2 9.80+ 0.002
Calcium, total (mmol/l) 2.22+0.032 2.23+0.06 2.26+0.02 2.13+0.04 2.17+0.11 0.238
Phosphate (mmol/l) 1.01+0.10 1.30+0.20 1.24+0.07 1.56+0.12 1.79+0.68 0.038
HbAlc (%) 5.76+0.23 7.09+0.57 6.80+0.25 6.98 +£0.47 7.1+0.82 0.441
Cholesterol (mg/dL) 181+19.86 138.33 +£15.02 141.71 +6.67 145.63+15.84 106.0+10.43 0.054
LDLc (mg/dL) 139.71 +£24.68 88.11+13.93 84.72+5.35 86.75+10.85 51.67+9.94 0.007
HDLc (mg/dL) 41.29+1.82 39.78+4.1 43.71+2.33 43.88+4.16 42.67+10.81 0.940
Triglycerides (mg(dL) 80.13+11.41 114.43+£19.39 121.05+11.19 118.33 +15.65 78.67+15.07 0.203
Medication
Antiplatelet therapy (1, %) 12 (85.7) 9 (81.8) 37 (78.7) 10 (90.9) 5(83.3) 0.905
Anticoagulation (n, %) 3(21.4) 4 (36.4) 24 (51.1) 6 (54.5) 1(16.7) 0.175
Statin (n, %) 14 (100) 10 (90.9) 44 (93.6) 11 (100) 6 (100) 0.678
Beta-Blocker (1, %) 10 (71.4) 10 (90.9) 43 (91.5) 10 (90.9) 5(83.3) 0.371
ACE-inhibitors/ARBs (1, %) 10 (71.4) 8 (72.7) 35 (74.5) 9 (81.8) 5(83.3) 0.963
Aldosterone antagonists (n, %) 3 (21.4) 4(36.4) 22 (46.8) 4 (36.4) 1(16.7) 0.372
Loop diuretics (1, %) 4 (28.6) 5(45.5) 36 (76.6) 11 (100) 4 (66.7) <0.001
Thiazide diuretics (n, %) 2 (14.3) 19.1) 10 (21.3) 19.1) 1(16.7) 0.807
Neprilysin inhibitors (1, %) 1(7.1) 2(18.2) 7(14.9) 2(18.2) 0 (0) 0.692
SGLT2-inhibitors (n, %) 0(0) 2(18.2) 7(14.9) 0(0) 0(0) 0.484

HR heart rate, BP blood pressure, CAD coronary artery disease, PAD peripheral arterial disease, CVD cerebrovascular disease, TIA transient
ischemic attack, LV-EF left ventricular ejection fraction, BMI body mass index, ACE angiotensin converting enzyme, ARBs Angiotensin II
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Table 1 (continued)

receptor blockers, SGLT2 Sodium-glucose cotransporter-2

(r=0.30, p=0.005) and GRS (r=-0.31, p=0.003), as
shown in Fig. 2D-F. Concordantly, eGFR was signifi-
cantly associated with GLS (r=-0.40, p <0.001), GCS
(r=-0.27, p=0.012) and GRS (r=0.34, p<0.001)
(Fig. 2G-I).

eGFR is significantly associated with segmental
strain in CMR

After demonstrating a significant association between
renal function and global MS, we performed segmental
MS analysis to further investigate the relationship between
CKD und MS. SLS was progressively impaired with
increasing severity of CKD, as expressed by the KDIGO-
classification (KDIGO-1: —11.93 +0.34; KDIGO-2:
—9.33 +0.34; KDIGO-3: —8.69 +0.15; KDIGO-4:
-8.91+0.33; KDIGO-5: -7.99 +0.38; p <0.001 for dis-
tribution, p <0.001 for KDIGO-5 vs. KDIGO-1). Similar
data were obtained for SCS and SRS. A graphic depiction
of these data is shown in Fig. 3A-C.

Furthermore, myocardial strain in CKD-patients with
ICM was impaired in both scarred and non-scarred seg-
ments, as depicted in Fig. 4A-C.

Increasing severity of CKD is independently
associated with myocardial strain

As CKD was associated with impairment of MS, we inves-
tigated if this was an independent association and adjusted
in a multivariable analysis for parameters with a known
relationship with both CKD and MS.

Interestingly, eGFR was still significantly associated
with GLS when adjusted for LV-EF (p <0.001, Table 2,
Model 1) and scar burden (p =0.002, Table 2, Model
2). In addition, following further adjustment for clinical
parameters with a known association with MS such as
diabetes and hypertension, a decrease in eGFR was still
significantly associated with an impaired GLS (p =0.007,
Table 2, Model 3). Besides, the association between eGFR
and GLS was consistent even after further adjustment for
age and gender (p =0.003, Table 2, Model 4), LV mass
(p=0.008, Table 2, Model 5) or LV mass index (p =0.007,
Table 2, Model 6). These data demonstrate that the rela-
tionship between CKD and MS is not mediated by LV-EF,
myocardial scar burden, diabetes, hypertension, age, gen-
der, LV mass or LV mass index.

Discussion

The main finding of our study is that MS is significantly
impaired with increasing severity of CKD in patients with
ICM and in our cohort this finding was independent of
LV-EF, the extent of myocardial scarring, diabetes, hyper-
tension, age, gender, LV mass or LV mass index.

CKD is considered a serious global public health prob-
lem with an estimated global prevalence of 13.4% [7, 30,
31]. Deteriorating renal function has been shown to be
associated with an exponential increase in all-cause and
cardiovascular mortality. Thus, CKD represents one of the
most relevant risk factors for the occurrence of CVD [7,
32]. The development of CVD in CKD-patients is not only
related to traditional cardiovascular risk factors, but also to
CKD-induced vascular and myocardial remodeling, result-
ing in myocardial fibrosis, hypertrophy and valve disease
[7, 14]. In this context, CMR feature tracking to assess
MS is an accurate and reliable non-invasive tool to ana-
lyze functional consequences of these myocardial changes.
Previous studies already showed that increasing severity
of CKD is associated with worsening MS in patients with-
out a history of cardiovascular disease [25]. Remarkably,
even in patients without known cardiovascular disease, an
increasing number of cardiovascular risk factors, includ-
ing CKD, has been shown to result in a decrease of GLS
[33]. Furthermore, CKD further aggravates the impair-
ment of LV strain in T2DM patients [23]. However, in
the mentioned studies, patients with known cardiovascu-
lar disease and/or ICM were excluded. Thus, the relation-
ship between CKD and MS specifically in patients with
coronary artery disease and ICM due to prior myocardial
infarction and scarring is still unclear. In this study, we
extend the current knowledge by showing that in patients
with known ICM, increasing severity of CKD significantly
impairs ventricular contractility, reflected by worsening
MS. This is demonstrated by the association of established
markers of renal dysfunction—such as creatinine, urea and
eGFR—with impairment of MS. Besides, this association
was independent of clinical parameters with a known asso-
ciation with MS, such as diabetes, hypertension, LV mass
or LV mass index as demonstrated by a persistent relation-
ship between increasing severity of CKD and impaired
MS following adjustment for the mentioned parameters in
multivariable analyses.

Demonstrating a reduced myocardial contractility in
patients with CKD explains on one hand at least partially
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Table 2 Crude and adjusted models depicting linear association of renal function with GLS

Variable B p
Crude model R=0.340
eGFR —0.403 <0.001
Variable Adjusted B P
Adjusted model N.1 (eGFR, LV-EF) R=0.782
eGFR —0.253 <0.001
LV-EF —0.687 <0.001
Adjusted model N.2 (eGFR, LV-EF, Scar burden) R=0.784
eGFR —0.230 0.002
LV-EF —-0.719 <0.001
Scar burden —-0.071 0.361
Adjusted model N.3 (eGFR, LV-EF, Scar burden, Diabetes, Hypertension) R=0.798
eGFR —0.220 0.007
LV-EF —0.703 <0.001
Scar burden —0.051 0.550
Diabetes 0.054 0.490
Hypertension 0.051 0.514
Adjusted model N.4 (eGFR, LV-EF, Scar burden, Diabetes, Hypertension, Age, Gender) R=0.808
eGFR —0.028 0.003
LV-EF —0.201 <0.001
Scar burden —0.024 0.779
Diabetes 0.377 0.385
Hypertension 0.676 0.270
Age - 0.029 0.210
Gender 0.677 0.220
Adjusted model N.5 (eGFR, LV-EF, Scar burden, Diabetes, Hypertension, Age, Gender, LV Mass) R=0.812
eGFR —0.026 0.008
LV-EF —0.191 <0.001
Scar burden —0.003 0.976
Diabetes 0.472 0.288
Hypertension 0.494 0.435
Age —0.015 0.555
Gender 0.480 0.402
LV Mass 0.009 0.285
Adjusted model N.6 (eGFR, LV-EF, Scar burden, Diabetes, Hypertension, Age, Gender, LV Mass Index) R=0.809
eGFR —0.026 0.007
LV-EF —0.200 <0.001
Scar burden —0.013 0.884
Diabetes 0.455 0.310
Hypertension 0.627 0.316
Age —0.026 0.269
Gender 0.608 0.280
LV Mass 0.007 0.687

eGFR estimated glomerular filtration rate, LV left ventricular, LV-EF left ventricular ejection fraction

the high prevalence of CVD in this population [1-5, 34];  order to potentially avoid its effects on cardiovascular
on the other hand, it highlights the importance of early = morbidity and mortality.
diagnosis, prevention and effective therapy of CKD in
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Once demonstrated that patients with CKD and ICM have
a reduction of myocardial contractility which is directly pro-
portional to the severity of their CKD stage, it is interesting
to speculate about the mechanisms leading to this phenom-
enon. A possible explanation could be a more pronounced
scar burden in patients with more advanced CKD, which
may be due to accelerated atherosclerosis; in fact, it is well
known that scarred segments present worsened MS com-
pared to normal, viable myocardium [18, 21, 22]. However,
in our study, cohort patients with higher stages of CKD did
not show a more extensive left ventricular scar burden. Fur-
thermore, the impairment of MS throughout stages of CKD
was sustained even following adjustment for LV-EF and
myocardial scar burden, suggesting that the negative effect
of increasing severity of CKD on myocardial contractility
may be at least in part independent of LV function or the
extent of myocardial scarring. It is well known that MS is
affected by scar transmurality, since transmurally scarred
segments exhibit a more pronounced impairment of MS than
non-transmural segments [35]. However, in the light of our
findings, it is tempting to speculate that a more extensive
myocardial scarring as a consequence of accelerated ath-
erosclerosis may not be the key mechanism leading to the
reduced myocardial contractility in patients with CKD.

A possible explanation may lay in a direct, non-athero-
sclerotic mediated effect of CKD itself on myocardial func-
tion. For instance, it is well known that CKD induces a sys-
temic, chronic proinflammatory state [7]. The CKD-related
release and accumulation of hormones, enzymes, cytokines
and mediators as well as CKD-associated hemodynamic
alterations are implicated in characteristic changes of the
myocardium and the vasculature contributing to the high
cardiovascular risk of CKD-patients [12, 16-23]. Besides,
it is well known that CKD is associated with characteristic
alterations of myocardial structure such as pathological myo-
cardial fibrosis, with collagen deposition between capillaries
and cardiomyocytes, and cardiac hypertrophy, leading to the
development of uremic cardiomyopathy [7, 14]. Therefore,
it is tempting to speculate that the ventricular dysfunction
detected by impaired MS in our patient population reflects
these CKD-related damages on the myocardium. However,
typical parameters of myocardial fibrosis in CMR, such as
T1 values and extracellular volume, were not available in
our patient cohort, so that future studies are needed to fur-
ther assess the role of myocardial fibrosis in the association
between CKD and MS in patients with ICM.

Thus, CMR in general and more specifically MS may repre-
sent a useful tool in the assessment of CKD-related myocardial
damage, possibly paving the way for the initiation and assess-
ment of therapeutic strategies in the treatment of cardiovascu-
lar disease in patients with ICM and CKD, e.g. with high dose
statins or potentially heart failure medications.

Limitations

Although being, to the best of our knowledge, the first study
analyzing the association between different stages of CKD and
MS as determined by CMR in patients with ICM, our study
population is relatively small and the statistical differences
between KDIGO stages may be limited by low patient num-
ber. For example, the strain in KDIGO stage 5 was numerically
impaired compared to KDIGO stage 3, but this did not reach
statistical significance. Thus, our results need to be confirmed
in larger study cohorts.

For patients on dialysis, €GFR may be imprecise due to the
method of eGFR calculation.

Furthermore, our study focused on patients with ICM; con-
sequently, further studies are required to analyze the effects
of increasing severity of CKD on MS in patients with differ-
ent types of cardiomyopathies. Due to the study design, we
are unable to draw any conclusions regarding the prognostic
impact of our results on patients with ICM and increasing
severity of CKD. Finally, as previously described, absolute
strain values are not generalizable, due to variability among
vendors [35, 36].

Conclusion

Myocardial strain is significantly impaired with increasing
severity of CKD in patients with ICM. In our cohort, this rela-
tionship is independent of LV-EF, the extent of myocardial
scarring, hypertension, diabetes, age, gender, LV mass or LV
mass index and may be due to effects of CKD on myocardial
function. Our study highlights the potential role of strain imag-
ing as a screening tool in detecting CKD-related myocardial
damage.
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